Most of the described and probably undescribed species on Earth are insects. Global models of species diversity rarely focus on insects and none attempt to address unknown, undescribed diversity. We assembled a database representing about 13,000 records for ant generic distribution from over 350 regions that cover much of the globe. Based on two models of diversity and endemicity, we identified regions where our knowledge of ant diversity is most limited, regions we have called "hotspots of discovery." A priori, such regions might be expected to be remote and untouched. Instead, we found that the hotspots of discovery are also the regions in which biodiversity is the most threatened by habitat destruction. Our results not only highlight the immediate need for conservation of the remaining natural habitats in these regions, but also the extent to which, by focusing on wellknown groups such as vertebrates, we may fail to conserve the far greater diversity of the smaller species yet to be found.
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biogeography | Formicidae T he global biodiversity crisis has made description and mapping of biological diversity a priority (1) (2) (3) (4) . Fortunately, distribution maps are available globally for vascular plants (5, 6) and terrestrial vertebrate animals (7, 8) , helping target conservation plans for diversity hotspots (2, 9) . Despite the fact that most species on Earth are insects (10) and that insects account for many ecosystem services (11) and disservices (12) , no global maps of distribution or diversity exist for any major insect taxon. Understanding the patterns of distribution and diversity of even a single, diverse insect taxon would be disproportionately valuable.
The central challenge to modeling global diversity of insects is that even the "best-known" taxa and regions are known incompletely. A solution to this challenge is to model and map both what is known and what is unknown and, in doing so identify regions for both exploration and conservation. Here we describe the known diversity patterns of ants, model-predicted diversity patterns, and then use the difference between model predictions and empirical estimates of ant diversity as a measure of our ignorance. We model spatial patterns of diversity in two ways. First, we use an "interpolation" approach in which presences are conservatively interpolated. Second, we model climate-diversity relationships. Although the global diversity pattern of ants is similar to that of other taxa (e.g., vascular plants), many regions, which we designate "hotspots of discovery," have much lower recorded diversity than expected given their climate and neighboring regions. Unfortunately, these hotspots of discovery are also the regions where deforestation is proceeding most quickly.
Results and Discussion
We accumulated a total of 13,072 presence records for the 300 described ant genera spanning 353 distinct regions (Table S1 ). Despite being very well known relative to most insect taxa, we estimated that a total of 2,400 genus*region occurrences remain to be documented. By comparing estimated and known patterns of diversity, we were able to map the spatial pattern in these undocumented occurrences.
As for other taxa, richness decreased with latitude (e.g., refs. 13 and 14) (Fig. 1 ) and there were also strong regional effects on the magnitude of diversity. African regions were less diverse than would be expected given their latitude (or climate), the reverse of the pattern observed for termites (15, 16) and terrestrial mammals (17) , although similar to that for vascular plants (5, 18) . The 53 endemic genera were found almost exclusively in tropical regions that were diverse more generally, with four interesting exceptions in North Africa, Armenia, Azerbaijan, and South Korea (Fig. 2) . Both overall generic diversity and endemic diversity showed a peak in the Oriental region, especially in Borneo, and were also high elsewhere in tropical Asia and Australia. Borneo was the most diverse region, which is also apparently the case for vascular plant species, suggesting concordance to some extent between ant and plant hotspots (18) , perhaps because of causally linked diversification of ants and plants (19) . South America includes important centers of diversity and endemicity in the Brazilian state of Amazonas and to a lesser extent in some of the surrounding regions. Just as for birds and flowering plants, the diversity of endemic genera (but not total generic diversity) is also high in Madagascar (five strictly endemic genera present), as has been noted elsewhere (20) . The Congo basin seems to be another region of high endemicity. Not coincidentally, this list includes the regions where the greatest diversity of ant species also tends to have been recorded at local scales (21) (22) (23) (24) (25) (26) . It is noteworthy that the high endemicity observed for ants in Borneo, eastern Australia, regions of South East Asia, or the Amazonas province in Brazil contrasts with the lower levels of endemicity in terrestrial mammals (27) or birds (7) in those same regions.
The patterns in modeled diversity reflect the diversity expected but, as the ant biologist Kusnezov wrote in 1957: "different local (ant) faunae have not been investigated equally thoroughly" (13), a truth that persists both for ants and for other insect taxa as well as plants (28) (29) (30) . We remain ignorant, but now know enough to begin to map our ignorance and to more systematically make discoveries. Many regions had far fewer ant genera than would be predicted based on climate or their neighboring political regions (Fig. 3) . A subset of these regions was identified as hotspots of discovery independent of which model we used. Our interpolation model identified 34 regions as relatively unknown (with a maximum of 57 new generic records predicted in Laos), whereas the environmental model predicted 75 regions to be relatively unknown (with a maximum of 66 new generic records predicted in New Guinea), over 20% of the regions we considered in our study. Data deposition: The data reported in this paper are available in the Supporting Information as Dataset S1. 1 To whom correspondence should be addressed. E-mail: bsguenar@ncsu.edu.
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The differences between these two models could represent the influence of climatic and other historical factors (e.g., ref. 31 ) and potentially the influence of variables we did not consider, such as soils (32) or isolation. Nonetheless, many regions were identified as poorly known in both models (Table 1) . Among those, regions of West Africa, southeast Africa, North East Brazil, southern Mexico, and to a lesser extent southeastern Asia are among the least explored (Fig. 3) , similar to the unknown regions identified for vascular plants (17) . A priori we predict that many of these same regions will be just as unknown, most likely more so, for other diverse taxa, such as flies and beetles, or specific clades, such as the mosquitoes or the tiger beetles. The great difficulty, however, is that with essentially no exceptions, maps are not available for other diverse groups, even at the level of genera.
Poorly sampled regions are likely to represent regions where discoveries of new taxa in general are very likely. One might hope that these tend to be regions that are difficult to access geographically and, hence, relatively well preserved. Unfortunately, our results indicate otherwise. Poorly known regions are, on average, suffering higher rates of deforestation over the previous 20 y (−11.4% ± 3.1%) than well-known regions (+2.3% ± 2.1%) (Wilcoxon test; z = 3.7; P = 0.0002). For example, Togo and Burundi suffered the loss of 58% and 41% of their forests between 1990 and 2010 (33) and are predicted, by our models, to contain 39 and 38 undetected genera, respectively. As such, these regions should receive the highest conservation priority and investment in biological exploration.
To date, when conservation targets have been chosen at the global scale, the assumption has been that regions that are diverse for birds, mammals, or plants will also be diverse for the rest of life. However, in many cases the diversity patterns of plant or vertebrate taxa do not correlate spatially (34) (35) (36) (37) (38) (39) (40) (41) , which is to say they are not congruent. An alternate approach to comparing patterns in the large-scale distribution of taxa is to consider the congruence of their complementarity (8) . In other words, do they differ across the same gradients or among the same biogeographic regions? However, the ability of complementarity approaches to capture poorly known taxa, such has insects, has been questioned (39), in part because the same taxa that make regions complimentary tend to be the last ones to be discovered. In the long-term, comparisons of the congruence of complementarity of taxa, including insects, at the global scale would be valuable, but global maps or global data on the presence and absence of all taxa within diverse insect taxa remain scarce, and for most insect taxa may remain impossible long into the future (42) . Having at least one diverse insect taxon, such as ants, for which we can begin to understand diversity and ignorance patterns and, in the long-term (once the hotspots of discovery have actually been explored), complementarity globally seems like a step forward. Although it would be naive to imagine that ants perfectly predict the patterns of diversity or complementarity of all other insect taxa, they appear to do a better job than do vertebrate taxa or even plants, at least in terms of their ability to predict diversity (43) . In addition, if the same barriers that have prevented the study of ants in the regions we have identified as hotspots of discovery are also barriers to taxonomists working in other fields, hotspots of discovery for ants seem likely to be similar to those of other taxa.
Perhaps the biggest question is whether or not existing conservation programs tend to capture the regions of which we are most ignorant and, hence, in which discovery is most likely. We have shown that hotspots of discovery tend to be at an increased risk of deforestation. However, comparison of the least unexplored regions and the priority areas for conservation as established by Conservation International, one prominent model for global conservation (44), reveals substantial overlap and, as such, our results support the importance of conservation in those same regions already identified by Conservation International (Fig. S1 ). On the other hand, several regions of Africa (Benin, Equatorial Guinea, Republic of the Congo Togo), South America (e.g., Roraima), and Asia (Guizhou) are not included in Conservation International's hotspot priority areas. These regions seem like important ones to target for immediate new discoveries. We hope that our study will encourage a new burst of scientific exploration in and conservation of the most poorly known regions of the Earth.
Materials and Methods
Ants are a useful starting point for understanding insect life more generally for several reasons. First, the systematics of the Formicidae is probably among the best resolved for any large group of terrestrial arthropods, especially at the taxonomic level of the genus (45, 46) , where global and several regional taxonomical keys are available to local scientists (45, (47) (48) (49) . Ants are one of the most abundant groups of insects in many ecosystems (50-53), play a considerable role in shaping ecosystems (51, (54) (55) (56) (57) , and participate in numerous and diverse interactions with other organisms (58) (59) (60) (61) . Most importantly, in the context of our goals, ants are well enough known to allow a global study to even be possible, which cannot be said for most other insect groups. In addition, to the extent that any group of organisms is predictive of the patterns of any others, ants appear to do relatively well (2, 40, 62, 63) . A recent study, for example, found ants to be the best predictor of the diversity of twelve different groups of non-ant invertebrates, three groups of vertebrates, and vascular plants across Europe (43) . For these reasons, we believe ants represent a reasonable group to begin with in terms of understanding patterns of global diversity and ignorance.
Taxonomic Scale. Genera vs. species. Ideally, one would want to know the species present in every region of Earth (or at least in a well-distributed subset of regions) to predict patterns of species diversity. The obvious problem is that species distributions of insect taxa, even relatively well-studied taxa such as ants, remain poorly documented in many regions and even in entire biomes (e.g., tropical forests). Over 12,500 species of ants have been described (64) , but perhaps twice as many await description (51), whether through the discovery of unknown species or the recognition of cryptic species in species complexes (65) . Even once such new species are named, they are typically first known in just a small part of their true geographic range (66) . Finally, misidentification of specimens is more likely to occur at the species than generic level. For the above reasons, taxonomic levels higher than species may represent the most useful taxonomic level at which to consider patterns of global diversity and endemicity at large spatial grains. For ants in particular, many generic revisions have been completed in the last 10 y (67) and identification to genus level is relatively easy (68), if not fail proof. It is inevitable that some genera will be split into several genera in the future (46) and new genera (and even higher taxa) (69-77) have been recently described. More taxa will probably be discovered. However, the generic level is relatively stable in ant taxonomy (46, 78) . Generic diversity patterns are useful in their own right for understanding process, areas to conserve, and areas in need of study, but they also tend to be indicative of species diversity and distribution patterns. In several studies, generic diversity of ants has been shown to be correlated with species richness and so can be used as a good predictor of species richness for large (79) and local scales (80) (81) (82) (83) (84) (85) , with some interesting exceptions (86) . Other advantages and disadvantages of using higher taxonomic rank have been summarized by Balmford et al. (87) and Gaston (88) , but all such summaries highlight the value of higher taxonomic level analyses. Exotic genera. For our analysis, we excluded records of genera in their nonnative ranges to focus on historical patterns of ant diversity before humanintroduced genera. Inevitably, some genera now thought to be native in some regions will be shown in the future to be nonnative and vice versa, but such changes are likely to be relatively infrequent and few.
Sampling Grain. Early collections of insect specimens often simply note localities, regions, or even countries (e.g., Ghana, 1943) and many publications that provide checklists of species focus on specific political regions [e.g., Morocco (89); Paraguay (90); Tabasco (91)]. In light of these problems, many studies of the distribution patterns of diverse taxa focus on the political region as the grain of analysis (6, 10). We follow this approach, but recognize that its key disadvantage is that political regions vary greatly in their geographic area. As such, where possible, we have divided large political regions (e.g., Argentina, Australia, Brazil, China, Columbia, Japan, Mexico, and the United States) into smaller political regions, such as states. In one case, a state-Western Australia-was further divided into northern and southern domains. Russia was divided into five main entities according to the division used in the database Fauna Europaea (92) . Where political regions included multiple geographic regions, those regions were separated, even if small. For example, many islands were considered separately than the countries they belong to (e.g., Sardinia and Sicily for Italy). Some islands were considered as single unit even if shared by several countries (e.g., Borneo, New Guinea). Oceanic islands and islands with an area less than 20,000 km 2 were not included in our analysis, so as to minimize effects in our overall model associated with the influence of small islands (93, 94) . The complete list of entities considered appears in Table S1 . The 25 regions in which we predict the greatest number of as yet unknown records of ant genera based on our environmental and interpolation models. Ĝ is the expected genus diversity and Δ is observed genus diversity minus Ĝ.
Data Compilation. Data were compiled from literature resources, Web sites that collate the work of ant biologists, museum collections, and direct contact with local or taxon specific experts. We have included publications from the 19th century until May 2011, independent of the language in which they were published. Where data were derived from species records (e.g., we know the genus Pachycondyla to be present in North Carolina because the species Pachycondyla chinensis is present), the species name was checked in Bolton et al. (67) to verify its taxonomic status. In addition to direct contacts with study authors for poorly studied regions, we searched Google Scholar, country by country (e.g., country + Formicidae), genus by genus (for papers that discuss the distribution of a particular genus or its species), and finally we searched on every pair-wise combination of genus and country (e.g., Camponotus + Chile).
Predicting Regions for New Discoveries. On the basis of genus records in our database, we mapped known occurrences of all ant genera. These maps, when overlaid, represent the known generic diversity of ants. We then took two approaches to identify those political regions where more discoveries are likely.
Our first approach was based on interpolation. We began by identifying known presences and absences within the different regions for each genus. In those regions where a genus has not yet been recorded, the genus is either truly absent or it has simply not yet been detected. To account for those cases where genera are likely to be present but not yet collected, we interpolated across gaps. We considered a "gap" to be a geographical entity or a series of entities for which a genus was absent but surrounded by areas where the genus is present. Gaps were approached conservatively and "interpolated" only if they were surrounded by presences and if the interpretation was ecologically sensible (95) . For example, tropical arboreal ants are highly unlikely in deserts or savannahs, so even if a gap exists in a tropical desert, a tropical arboreal genus would not be interpolated into it. However, any interpolation made by the authors during revision of a specific taxonomical group was integrated into the genus distribution as interpolation. Since we developed our first version of the maps in April 2009 we have been able to find records for 620 initially interpolated genus*region occurrences, which represent 20% of our total initial interpolations. Finally, we summed the different interpolations obtained for each region to get an estimate of unknown generic richness by political region.
Our second approach was to statistically model the expected number of genera in those regions where the number of genera is fewer than would be expected given their climate (temperature and precipitation), geographic area, and topographic range (absolute latitude, longitude and hemisphere). To estimate regional climate, we calculated the spatial minimum, maximum, mean, median, and SD (based on all points within a region) for annual values of temperature and precipitation (96) . Data for the number of ecoregions and biomes per political region were extracted from Olson et al. (27) . A list of the 26 variables considered is presented in Table S2 . In these models, we included data only from political regions thought to be well sampled. To select those regions, we first ran a generalized linear model with the entire set of regions, including the 26 variables related to geographic and environmental conditions of each region. We assumed that some regions had been undersampled relative to others. This process yielded a general equation that underestimated the generic diversity for each region (because it included poorly known regions). We then estimated the difference between the known diversity and the expected diversity based on this first model. All of the regions for which the expected values were inferior to the known value were rejected and considered as poorly known. This method gave us a subset of 170 regions considered as suitable for the second-step model. We ran a similar generalized linear model with only the suitable regions. We used the set of significant variables to produce the equation that predicted the generic diversity for all of the regions considered in our study (Tables S3). Both approaches are complementary and have both strengths and weaknesses when attempting to identify regions where new discoveries are likely. The main advantage of our interpolation approach is that it predicts where individual genera are likely to occur. In other words, it predicts not just that a genus will be discovered in a particular region, but which genus. Implicitly, the interpolation model also accounts, to some extent, for regional differences in fauna because of factors, such as history and geography, beyond those captured by climate. However, the weakness of interpolation is that it is conservative and is, for example, unlikely to predict a genus will occur far beyond where it is already known. Conversely, the environmental model has the advantage of representing a more general and replicable approach for estimating diversity. However, this model has the disadvantage that is contingent on including the "right" environmental variables in the first place and ignores regional influences of geography, history, and other factors on diversity.
Evaluation of the Quality of Data Collected. Ultimately, we obtained three values for the generic richness of each political region: (A) the known generic diversity, (B) the known generic diversity plus the number of interpolations, and (C) the generic diversity predicted by the environmental model. It was then possible to calculate the difference between A and B and A and C to infer the number of unknown generic records within each region. We use these metrics as estimates of the degree of our ignorance of ant generic diversity in each region. We considered five different levels of "generic ant knowledge" based on the number of new generic records predicted for each model: good (0 generic records predicted), acceptable (1-5 generic records predicted), mediocre (6-10 generic records predicted), poor (11-20 generic records predicted), and very poor (more than 21 generic records predicted).
Endemism. Ideally, one wants to conserve areas in such a way as to maximize the complementarity of conserved regions and, in a similar vein, make discoveries of the most unique genera and generic records first. Understanding the complementarity of regions, however, depends on knowing not just how many known and predicted genera are in a region, but which genera they are. Although our interpolation model, in theory, estimates which genera are missing from regions, using such data to estimate complementarity puts undue weight on the most uncertain aspect of our models (which genera are present). In the absence of perfect knowledge about the identity of missing genera, one approach to identifying regions with unique genera is to focus on endemic lineages. This is the approach we took. Because of their limited distribution, endemic taxa are more prone to extinction and as such should be prioritized within conservation plans (8) . Here, genera present in three or fewer political regions were considered endemic. We combined the number of endemic genera per region to obtain the total number of endemic genera within each region. Only four endemic genera could be interpolated into new regions and these interpolations were not included in the figure. The genus Poecilomyrma, known only from the Fiji Islands, was not included in our analysis.
Deforestation Rate and Our Knowledge of Life. We compared the deforestation rates for the past 20 y [based on data available by the Food and Agriculture Organization (FAO) (33) ] for the 109 regions that have been particularly well sampled according to the interpolation model (i.e., fewer than 10 genera predicted to be newly recorded) to the 34 regions considered to be the most poorly known according to the interpolation model (i.e., more than 10 genera predicted to be recorded) ( Fig. S2 and Table S4 ). These 143 regions correspond to the regions for which data were available at the same spatial grain in both the FAO database and our ant generic distribution database. As the scale of our dataset and the one available from the FAO have different grain sizes for some regions of the world (e.g., Mexico, United States, China), we only used regions of the world with a country level resolution. The data provided by the FAO have been discussed elsewhere and, like all data on human impacts have limits (97, 98) . One of their limits is the coarseness of their resolution [remotely sensed data are available at a finer resolution (99), although only for small patches of many of the regions in which we were interested]. However, in our case the FAO data are gathered at a spatial grain similar to that at which we consider the distribution of ant genera. We compared both rate of deforestation for well-known and poorly known regions with a nonparametric Wilcoxon test. All statistical analyses were performed with the statistical software JMP (100) .
All data are available in Dataset S1.
